1. Introduction {#sec1-ijms-21-04557}
===============

Lung cancer is one of the most common malignant tumors worldwide \[[@B1-ijms-21-04557]\], occurring either as small-cell lung carcinoma (SCLC) or non-small cell lung carcinoma (NSCLC) \[[@B2-ijms-21-04557]\]. Clinically, both neoplasms are characterized as asymptomatic in the initial stage, which leads to late diagnosis when the disease is in a locally advanced or metastatic stage, resulting in high mortality rates \[[@B3-ijms-21-04557],[@B4-ijms-21-04557]\].

Surgery plays an important role when a tumor is detected at an early stage, increasing the survival of patients. Unfortunately, when the disease is already in an advanced stage, surgery may no longer be an option. Chemotherapy is therefore the primary treatment to relieve symptoms and prolong the lifetime of a patient. However, the physiological and pathological characteristics of the lungs, the high variability of the tumor microenvironment, and the malignant and resistant effects on cancer cells after chemotherapy, are some limitations encountered in conventional chemotherapy of lung carcinomas \[[@B4-ijms-21-04557],[@B5-ijms-21-04557]\].

Nanotechnology has the potential to overcome these limitations. Amongst a range of nanomaterials, carbon nanotubes (CNTs) have attracted much attention due to their ability to interact with therapeutic agents, making them an excellent candidate in the development of therapies employing specific targeting for the treatment of tumors \[[@B6-ijms-21-04557]\]. CNTs are tailored as carbon atoms arranged in condensed aromatic rings formed by layers of graphene rolled into a cylindrical shape \[[@B7-ijms-21-04557],[@B8-ijms-21-04557]\]. CNTs exhibit a high surface area, very low density, high aspect ratio, favorable electrical properties, and chemical stability. However, CNTs show high hydrophobicity and risk of agglomeration, due to the van der Waals interactions \[[@B9-ijms-21-04557]\]. Moreover, the risk of toxicity of CNTs has been attributed to their shape and patterns \[[@B3-ijms-21-04557]\]. To decrease their hydrophobicity and toxicological risk, surface modification by the attachment of specific functional groups or molecules through their walls or extremities has been proposed \[[@B10-ijms-21-04557],[@B11-ijms-21-04557]\]. The high surface area of CNT allows the functionalization of a large number of molecules and facilitates the pathway through biological membranes by passive diffusion and/or endocytosis, favoring the accumulation in intracellular compartments \[[@B12-ijms-21-04557],[@B13-ijms-21-04557]\].

Naringenin (Ngn) is a flavanone obtained from citrus fruits, which exhibits a wide range of pharmacological effects, including potent anti-cancer \[[@B14-ijms-21-04557],[@B15-ijms-21-04557]\], antioxidant, anti-inflammatory, and hepatoprotective activity \[[@B16-ijms-21-04557],[@B17-ijms-21-04557]\]. Ngn has been reported to induce apoptosis and decreases the viability of several cancer cell lines, including lung cancer \[[@B18-ijms-21-04557]\]. The anti-cancer activity occurs due to the capacity of signaling in cell proliferation, the arrest of the cell cycle and induction of apoptosis, as well as DNA repair mechanisms within carcinogenic cells \[[@B16-ijms-21-04557],[@B19-ijms-21-04557]\]. A variety of in vitro studies reports the consistent antiproliferative and/or anti-migratory effects of Ngn in a variety of cancer and tumor cell lines.

In this work, we propose the surface functionalization of CNT with Ngn using a process in a non-oxidative environment, for site-specific delivery to tumor lung cells. We intend to obtain a simple process that produces a nanocomposite formulation able to improve the drug delivery in the tumor site, presenting biocompatibility on non-tumor cells and tumor cell decrease in proliferation. The developed Ngn-functionalized CNT represent a technological innovation suitable for antitumor therapeutic strategies.

2. Results {#sec2-ijms-21-04557}
==========

[Figure 1](#ijms-21-04557-f001){ref-type="fig"} shows the TEM images of the samples. The calculated medium diameter of CNT, CNA (CNT after acid treatment), CNA(ox) (CNA submitted to oxidative environment), CNANgn(ox) (CNA treated with naringenin in oxidative environment), and CNANgn (CNA treated with naringenin) were 7.1 ± 2.3 nm, 8.8 ± 2.0 nm, 7.7 ± 1.7 nm, 9.4 ± 2.3 nm, and 9.6 ± 1.4 nm, respectively. CNT showed a smooth surface with few defects on the side walls ([Figure 1](#ijms-21-04557-f001){ref-type="fig"}A). After acid treatment, CNA showed defects in the side walls, such as roughness (arrows). However, the tubular morphology was maintained even after oxidation ([Figure 1](#ijms-21-04557-f001){ref-type="fig"}B). The morphological characteristics of the CNA(ox) were similar to CNA ([Figure 1](#ijms-21-04557-f001){ref-type="fig"}C). CNANgn and CNANgn(ox) had dark particle-like spots located along the side walls of the samples (arrows) (CNANgn(ox), [Figure 1](#ijms-21-04557-f001){ref-type="fig"}D; CNANgn, [Figure 1](#ijms-21-04557-f001){ref-type="fig"}E).

The Fourier-Transform Infrared Spectroscopy (FTIR) spectrum ([Figure 2](#ijms-21-04557-f002){ref-type="fig"}) of the CNT showed a band at 1550 cm^−1^. The CNA spectrum showed bands at 3400 cm^−1^, 2949 cm^−1^, between 1711 and 1550 cm^−1^, and between 1050 and 1300 cm^−1^. In the CNA(ox) spectrum, the same bands were observed; however, their intensities were slightly decreased. Ngn's FTIR matched that as reported in the literature \[[@B20-ijms-21-04557]\]. The CNANgn spectrum presented a displacement of the band in 3293 to 3396 cm^−1^ and 1630 to 1639 cm^−1^, with an increase in energy absorption. In addition, disappearance of the band at 1898 cm^−1^ and presence of the 2980 cm^−1^ and 2884 cm^−1^ bands were observed. The CNANgn(ox) spectrum showed all bands in approximately the same positions as the Ngn bands.

XPS was performed on all CNT samples. Samples showed the carbon signal (C1*s*) and the oxygen signal (O1*s*) at 284 and 533 eV, respectively. The intensity of the oxygen signal (O1*s*) increased according to the sequence: CNT, CNA, CNA(ox), CNANgn(ox), and CNANgn ([Figure 3](#ijms-21-04557-f003){ref-type="fig"}A). CNANgn showed a displacement of the peak C1*s* and O1*s* to higher and lower binding energy, respectively ([Figure 3](#ijms-21-04557-f003){ref-type="fig"}B,C). The first peak corresponds to the C-C, while C-H components of the hexagonal structure of the carbon nanotube and the aromatic structure of the Ngn. The second one appeared as a broad peak and is attributed to the groups C-O and C=O of the structure of the Ngn ([Figure 3](#ijms-21-04557-f003){ref-type="fig"}B) \[[@B21-ijms-21-04557]\]. CNANgn(ox), despite showing an increase in oxygen signal, did not present displacement of the peak C1s and O1s.

The Raman spectra of the CNA showed typical signals at 1346 and 1568 cm^−1^, corresponding to bands D and G, respectively ([Figure 4](#ijms-21-04557-f004){ref-type="fig"}). The D and G bands were of different intensities and I~D~/I~G~ ratios. The I~D~/I~G~ ratios for CNA, physical mixture (PM), CNANgn, and CNANgn(ox) were 1.16, 1.1, 1.09, and 1.02, respectively. The peak frequency of the G band of CNANgn (1576 cm^−1^) and CNANgn(ox) (1572 cm^−1^) were slightly higher than the frequency for CNA (1568 cm^−1^) and PM (1568 cm^−1^).

The DSC profile of CNT, CNA, and CNA(ox) samples did not show any enthalpic event up to 500 °C. Ngn exhibited an endothermic peak at starting at 251.7 °C and completing at 255.2 °C ([Table 1](#ijms-21-04557-t001){ref-type="table"}), followed by an exothermic peak (\~360 °C). However, these peaks were less perceived in the CNANgn and CNANgn(ox) curves. The PM curve also showed these high peaks, however, at slightly lower temperatures (246.9 and 350 °C, respectively) ([Figure 5](#ijms-21-04557-f005){ref-type="fig"}).

The release of Ngn from the samples (CNANgn and CNANgn(ox)) was faster in the first 6 h in both pH 5.5 and 7.4 media, exhibiting a similar release profile for both samples. At 6 h and 9 h, in the pH 7.4 for CNANgn, the total released of Ngn was 60.8% and 83.5%, while at pH 5.5 it was 50.4% and 60.8, respectively (*p* \< 0.05). For CNANgn(ox) at 6 h and pH 7.4, total released Ngn was 71.8% compared to 54.4% at pH 5.5 (*p* \< 0.05). All values had no significant differences (*p* \> 0.05). Subsequently, at both pH solutions and CNANgn's, the release of Ngn slowed until 24 h. In general, at pH 7.4, the release rate was faster than at pH 5.5 ([Figure 6](#ijms-21-04557-f006){ref-type="fig"}). For both samples, regardless of the pH conditions, the Korsmeyer--Peppas model described the system best (r^2^ = 1), showing the *n* value of 1 ([Table 2](#ijms-21-04557-t002){ref-type="table"}).

CNA and Ngn did not affect the viability of hFB cells (non-malignant cells) at low concentrations (up to 15.6 µg/mL and 31.2 µg/mL, respectively), as seen in [Figure 7](#ijms-21-04557-f007){ref-type="fig"}. CNANgn did not show significant cytotoxicity until a concentration of 125 µg/mL was reached. The CC~50~ for CNA, Ngn, and CNANgn were 231.9 ± 17.4 µg/mL, 148.7 ± 14.1 µg/mL, and 172.3 ± 12.9 µg/mL, respectively. Otherwise, the samples CNA, Ngn, and CNANgn showed significant cytotoxicity against human lung alveolar adenocarcinoma cell line (A549) at a concentration of 62.5 µg/mL. Additionally, the CC~50~ of CNANgn was lower (82.6 ± 7.3 µg/mL) than the CC~50~ of CNA (106.4 ± 10.9 µg/mL) and Ngn (129.3 ± 6.0 µg/mL) ([Figure 7](#ijms-21-04557-f007){ref-type="fig"}).

3. Discussion {#sec3-ijms-21-04557}
=============

The oxidation step in the CNT functionalization process occurs by acid treatment. Oxidation alters the surface of the CNT and allows the incorporation of functional groups (-COOH and -OH) \[[@B1-ijms-21-04557]\]. However, this treatment is not enough to guarantee the dispersibility and biocompatibility of CNT. Most studies about the functionalization process use polymers, which are used as spacers, improving the dispersibility and biocompatibility of CNT \[[@B2-ijms-21-04557]\]. In this approach, the drugs are anchored to the reactive polymeric sites, requiring one more step for production of the drug delivery system.

New proposals are developed in order to obtain an efficient and simplified strategy for CNT functionalization, such as the use of the drug as a functionalizing agent, which can achieve adequate stability and, at the same time, obtain a drug delivery system.

In this work, we propose the treatment of the CNT with Ngn using a functionalization process in two environments (oxidative and non-oxidative), to obtain a drug delivery system to the lung tumoral cells. The redox reagents decrease the pH of the reaction medium, while the non-oxidative environment maintains a neutral pH. In the acid medium, the protonation state of CNT and Ngn are changed, non-favoring the interaction between them. This event was investigated in order to obtain a simple process that produced a nanocomposite that presents biocompatibility on non-tumor cells and decreases the proliferation of tumor cells.

The morphological structure of the samples and the surface modification of the CNT after functionalization were shown by TEM. The functionalization of the CNT using Ngn promoted the increase in the diameter of the samples, confirming the successful functionalization. The increased diameter can be attributed to the fixation of organic portions on the surface of the CNT \[[@B22-ijms-21-04557]\]. A significant difference in the morphology of CNA and CNA(ox) compared to CNT was also observed. These surface modifications translate the functionalization step generating both chemical and morphological changes \[[@B23-ijms-21-04557]\]. Chemical oxidation caused defects on the sidewalls and at the ends of the nanotubes \[[@B23-ijms-21-04557],[@B24-ijms-21-04557]\]. The increase in CNA deformation was attributed to the adhesion of the functional groups \[[@B25-ijms-21-04557]\], for the Ngn binding. The high surface area of the CNT allows the attachment of a large number of molecules, making it a potential drug carrier \[[@B12-ijms-21-04557],[@B13-ijms-21-04557]\]. The dark spots found in CNANgn and CNANgn(ox) ([Figure 1](#ijms-21-04557-f001){ref-type="fig"}) suggest the presence of Ngn on the surface of the CNA.

FTIR studies also confirmed the functionalization of the CNT. The sidewalls of the CNT present carbon with sp^2^ hybridization in a hexagonal arrangement \[[@B26-ijms-21-04557]\]. In the CNT spectrum, a band at 1550 cm^−1^ was observed corresponding to the vibrations of the C=C elongation, showing an intact structure. The presence of the band at 3400 cm^−1^ in the CNA and CNA(ox) spectra was attributed to the different hydroxyl groups resulting from the acid treatment step. The bands observed between 1711 and 1550 cm^−1^ in the spectra were attributed to the C=O of carboxylic acids and ketones/quinones. The bands between 1050 and 1300 cm^−1^ correspond to the vibrations of C-O and O-H, likely from alcohols, ether, and oxidative anhydrides or carboxylic products from the outer layers of the CNA. The band at 2949 cm^−1^ corresponds to the symmetrical elongation of the C-H connections. The functionalization eliminated the symmetry of the CNT, increasing the generation of induced electrical dipoles and detected signals \[[@B27-ijms-21-04557]\]. Ngn's FTIR matched that as reported in the literature \[[@B20-ijms-21-04557]\]. The Ngn spectrum showed characteristic absorption bands, which can be attributed to the skeletal vibration of the aromatic compound, which belongs to the flavanone family \[[@B28-ijms-21-04557]\]. The Ngn structure contains three hydroxyls, one carbonyl, and one ethereal functional group, each with the potential to form intermolecular hydrogen bonds \[[@B29-ijms-21-04557]\]. In the CNANgn spectrum, we observed the displacement of the band of the free hydroxyl group (OH) from 3293 to 3396 cm^−1^ and of the carbonyl band (C=O) from 1630 to 1639 cm^−1^. Additionally, there was no band in 1898 cm^−1^ (C=O), suggesting that there was a physical--chemical interaction between CNA and the drug. The possible explanation is the formation of hydrogen bonds between the OH group from Ngn and the C=O from CNA, or vice versa. According to the literature, the displacement of the band related to the stretching vibration of the hydroxyl group (O-H) and carbonyl (C=O) to higher frequencies is due to the intermolecular hydrogen bond \[[@B30-ijms-21-04557],[@B31-ijms-21-04557],[@B32-ijms-21-04557]\]. A band at 1470 cm^−1^ confirmed the presence of Ngn in the sample, which was attributed to aromatic C=C elongation vibrations from the flavonoid aromatic rings \[[@B21-ijms-21-04557]\]. The presence of the 2980 cm^−1^ and 2884 cm^−1^ bands is related to the CH~3~ and CH~2~ stretching vibrations, respectively. It is generally assumed that these groups are located in defective locations on the sidewall surface of CNT \[[@B33-ijms-21-04557],[@B34-ijms-21-04557]\]. Nonetheless, the spectrum of CNANgn(ox) showed the same Ngn bands, with no noticeable changes in the spectrum, suggesting an interaction between Ngn and CNA.

XPS was used to assess the interactions between CNA and Ngn based on the chemical and electronic states on the surface structure of CNT. The increase in the carbon signal (C1*s*) and the oxygen signal (O1*s*) in all samples demonstrated that the acid treatment was able to modify the surface of the CNT, generating oxygenated groups (carboxyl, hydroxyls, ketones, and quinones) on its surface. In addition, the increase in the intensity of the signals suggested the functionalization of the surface of the CNA by the Ngn, reaffirming the results obtained by FTIR and TEM. According to Wang et al., \[[@B33-ijms-21-04557]\] it is possible to predict the type of interaction between the CNT and a molecule by displacing the peaks in the XPS spectrum of the chemical elements involved in the interaction to a higher or lower binding energy \[[@B35-ijms-21-04557]\]. The displacement of the C1*s* peak in CNANgn to a higher binding energy suggested that Ngn was adsorbed to the surface of the CNA by π--π stacking. However, the displacement of the O1*s* peak in CNANgn to a lower binding energy suggested the formation of a hydrogen bond between the Ngn and the oxygenated groups on the surface of the CNA. CNANgn(ox) presented intermediate behavior, pointing to lower interaction when compared to CNANgn. The presence of oxidative and acid environments changes the protonation state of both molecules and can make this interaction difficult. Naringenin is not deprotonated at pH 3.00, while CNA are poorly dispersed due to full protonation \[[@B36-ijms-21-04557]\].

The structural changes of CNT can be estimated by Raman spectroscopy, which quantifies the density of structural defects and the effectivity of the functionalization process \[[@B37-ijms-21-04557]\]. The Raman spectra of all samples showed the typical signals corresponding to the D (related to disorders and distortions of the carbon network) and G bands (graphitic bands related to the tangential mode associated with the sp^2^ hybridization carbons of the side graphitic walls of the CNT) \[[@B38-ijms-21-04557]\]. The ratio between the intensity of the D and G bands (I~D~/I~G~) is a quantitative measurement of the density of defects and disorders in the lateral wall of the CNT. Consequently, the analysis of the I~D~/I~G~ ratio can be used to obtain information on structural changes that occur as the result of functionalization strategies, such as those involving chemical interactions \[[@B37-ijms-21-04557]\]. The decrease in the I~D~/I~G~ ratio after the functionalization process is most likely due to the non-covalent interaction between Ngn and CNA. Small changes in the D band and the I~D~/I~G~ ratio were detected by the field disturbance and physical tension in the graphite skeleton, suggesting non-covalent interactions \[[@B39-ijms-21-04557]\]. In addition, changes in the electronic environment caused by doping and chemical interactions influence the CNT's Raman spectrum, specifically, the G band. This band represents pure graphite and shows high sensitivity to electronic effects \[[@B40-ijms-21-04557]\]. The frequency of the G band peaks from CNANgn and CNANgn(ox) were higher than those from CNA and PM. The non-covalent interactions between molecules and the graphite skeleton increase the required energy for the occurrence of vibration. This event is reflected in the displacement of the G band to higher frequencies in the Raman spectrum \[[@B39-ijms-21-04557]\]. Thus, this displacement and the decrease in the I~D~/I~G~ ratio for CNANgn and CNANgn(ox) suggested the non-covalent interaction between Ngn and the CNA, presumably hydrophobic interactions and hydrogen bonds. These interactions, specifically for CNANgn, were favored during the functionalization process by the lower availability of H^+^ at neutral pH.

In DSC curves, Ngn exhibited an endothermic melting peak indicating the crystalline nature of the compound. However, an imperceptible melting peak was found at the same temperature in CNANgn and CNANgn(ox) curves, indicating the Ngn changed from a crystalline to an amorphous structure. These changes can be attributed mainly to the deposition of the amorphous drug on the surface of the CNA during the functionalization process. The amorphous form had a lower enthalpy of fusion ([Table 1](#ijms-21-04557-t001){ref-type="table"}). These results corroborate the findings from TEM and XPS. A PM curve presented the endothermic peak corresponding to the Ngn melting point, showing the presence of free Ngn. This peak appeared at a lower temperature, most likely due to the weak interaction between Ngn and CNA.

There are four types of adsorption sites available in and on the CNT: internal channels, an external surface, groove area, and interstitial pores \[[@B41-ijms-21-04557],[@B42-ijms-21-04557]\]. However, only the outer surface of the CNT is generally available for adsorption. Based on the molecular structure of Ngn, with its aromatic rings and hydroxyl groups, we concluded that the molecules of Ngn were adsorbed non-covalently on the surface of the CNA through hydrogen bonds, weak electrostatic interactions (the most acidic proton on Ngn has a pKa value of \~7.1) \[[@B43-ijms-21-04557]\], and π--π stacking.

The release test of Ngn from CNANgn and CNANgn(ox) at pH 7.4 and pH 5.5 simulates the biological fluids pH and the tumor periphery pH, respectively. The rate release of Ngn from the nanocarrier was pH-dependent with a higher at pH 7.4 than at pH 5.5. This could be attributed to the increased solubility of Ngn at the higher solution pH. At pH 7.4, Ngn would exist \~67% in its ionized, deprotonated state compared to only 2.5% at a solution pH of 5.5. Thus, solution pH plays an important role in the study of the Ngn release process.

The model with the highest coefficient of determination (r^2^) was the most appropriate kinetics model to describe the release of Ngn from CNT. The Ngn release mechanism was determined by analyzing the r^2^ value from kinetic models. Both samples, regardless of the pH conditions, presented the best fit with the Korsmeyer--Peppas model (r^2^ = 1) \[[@B44-ijms-21-04557]\]. In the Korsmeyer--Peppas model, the release exponent (n) is indicative of the drug's release mechanism. According to Korsmeyer's theory, if n is 0.45, the drug release follows the Fickian diffusion mechanism. When 0.45 \< *n* \< 0.89, anomalous (non-Fickian) diffusion follows. However, for *n* = 0.89, the diffusion mechanism is the case II transport, and for n \> 0.89 it is the super case II transport \[[@B45-ijms-21-04557],[@B46-ijms-21-04557],[@B47-ijms-21-04557],[@B48-ijms-21-04557]\]. For our system with an n-value of 1, this points to the release being characterized by the transport of super case II. Therefore, the Ngn release rate can occur due to the diffusion and relaxation of the linked Ngn on the surface of the CNA \[[@B49-ijms-21-04557],[@B50-ijms-21-04557]\].

The intracellular pH of tumor cells is slightly more alkaline than extracellular fluid, due to the exportation of lactic acid and protons by acid-base regulators \[[@B51-ijms-21-04557],[@B52-ijms-21-04557]\]. The pH-responsive release behavior of CNANgn could aid the treatment of the tumor by prolonged-release properties, facilitating the delivery of higher concentrations of Ngn intracellularly and lower at the tumor's periphery.

Concerning the cytocompatibility (hFB cells), free Ngn showed the highest cytotoxicity. CNANgn was less cytotoxic than Ngn, indicating that the functionalization promoted the decrease in drug cytotoxicity, leading to the possibility of reduced side effects. Both CNANgn and Ngn significantly inhibited the viability of A549 cells (malignant lung cells). The CC~50~ results indicate that CNANgn exhibits a higher cytotoxic activity than Ngn, meaning that Ngn has enhanced anticancer effects when functionalized to CNA. It is also important remember that the nanocomposite has lower than 50% of naringenin, since the nanocomposite formulation was obtained using 1:1 (NTCA:Ngn/w:w).

In conclusion, the nanocarrier seems to work synergistically as Ngn's activity on malignant cells was observed at lower concentrations and reduced the drug toxicity on non-malignant cells when complexed with CNT. This sustained-release nanosystem could be used to increase the efficacy of pulmonary adenocarcinoma therapy with reduced side effects.

4. Materials and Methods {#sec4-ijms-21-04557}
========================

4.1. Materials {#sec4dot1-ijms-21-04557}
--------------

If not otherwise stated, all materials have been purchased from Sigma-Aldrich, (St. Louis, MO, USA). Double-distilled water was used after filtration in a Millipore system (home supplied).

4.2. Functionalization of CNT {#sec4dot2-ijms-21-04557}
-----------------------------

Initial oxidation of CNT was performed via acid treatment, adapted from Cirillo et al. \[[@B38-ijms-21-04557]\]. Briefly, CNT 1.5% (*w*/*v*) (MWCNTs, Sigma-Aldrich, St. Louis, MO, USA) was added to a 1:1 mixture of 15% nitric acid (*v*/*v*) (Labsynth, Diadema, São Paulo, Brazil) and 15% sulfuric acid (*v*/*v*) (Labsynth, Diadema, São Paulo, Brazil). The mixture was magnetically stirred (Mag-Multi, Marte, São Paulo, Brazil) for 24 h after the material was subjected to successive washes with distilled water until the solution maintained a pH of 7.0. The mixture was subsequently oven-dried at 100 °C for 24 h. (Mag-Multi, Marte, São Paulo, Brazil). This sample was called CNA. The functionalization reaction was carried out in the absence and presence of oxidative conditions. The first condition in absence of oxidative materials, CNANgn (10 mg/mL) and Ngn (10 mg/mL), the functionalized CNT and Ngn were stirred for 3 h at 25 °C in an aqueous solution. The preparation of the oxidative condition, CNANgn(ox), was similar to the first, however 1.8 mg/mL of ascorbic acid (Neon Comercial, Suzano, São Paulo Brazil) and hydrogen peroxide 7 mM (0.2 µL/mL, Labsynth, Diadema, São Paulo, Brazil) was added. A drug-free sample was also produced using the oxidative environment (CNA(ox)). Finally, the functionalized CNTs were dialyzed against distilled water (25 °C for 48 h) and dried in a TecnalTE-393/2 oven (Piracicaba, São Paulo, Brazil) (80 °C for 24 h). The physical mixture (PM) was prepared mixing the powders of CNA and Ngn in the same proportion (1:1/w:w).

4.3. Transmission Electron Microscopy (TEM) {#sec4dot3-ijms-21-04557}
-------------------------------------------

TEM images were obtained using the JEOL 1011 TEM (Tokyo, Japan), operating at 60 kV acceleration. The images were imported into ImageJ Software version 1.8.0, and analyzed using an inhouse macro to obtain the diameter of the CNT (*n* = 15).

4.4. Infrared Spectroscopy with Fourier Transform (FTIR) {#sec4dot4-ijms-21-04557}
--------------------------------------------------------

FTIR studies were carried out at room temperature in an FTIR-Bomen spectrophotometer (IRPrestige-21, Shimadzu, Kyoto, Japan) in the 400--4000 cm^−1^ range, using KBr pellets \[[@B53-ijms-21-04557]\].

4.5. X-ray Photoelectron Spectroscopy (XPS) {#sec4dot5-ijms-21-04557}
-------------------------------------------

X-ray photoelectron spectroscopy was performed with the Thermo K-Alpha XPS (Thermo Fisher Scientific, Waltham, MA, USA). The monochromatic X-ray source had an Al anode with Kα energy = 1486.6 eV \[[@B54-ijms-21-04557],[@B55-ijms-21-04557]\].

4.6. Raman Spectroscopy {#sec4dot6-ijms-21-04557}
-----------------------

Raman spectra were recorded using a Confocal Raman spectrometer (Horiba Scientific, Model T64000, Horiba Scientific, Piscataway, NJ, USA) with excitation wavelength at 532 nm. Samples were prepared by deposition on a glass foil, and the spectra were recorded on a 20× objective \[[@B56-ijms-21-04557]\].

4.7. Differential Scanning Calorimetry (DSC) {#sec4dot7-ijms-21-04557}
--------------------------------------------

DSC was performed using the Shimadzu DSC-50 (Kyoto, Japan) equipment with a heating rate of 10 °C/min under nitrogen atmosphere. The temperature variation occurred between 30 °C and 500 °C and \~1.5 mg per sample was used in the analysis \[[@B57-ijms-21-04557]\].

4.8. In Vitro Release Assay {#sec4dot8-ijms-21-04557}
---------------------------

The in vitro release of Ngn from the CNANgn and CNANgn(ox) was performed using the dialysis membrane diffusion method \[[@B30-ijms-21-04557],[@B58-ijms-21-04557]\]. The samples were dissolved in phosphate buffer saline (PBS) at pH 7.4 and 5.5. Samples (1 mg/mL) were dissolved in PBS (0.01 M) and placed into the dialysis membranes (10 mL). The dialysis process was performed against 30 mL of PBS (receptor solution-stirring/37 °C). At predetermined time intervals, aliquots of 2 mL of the receptor solution were collected and read on the UV spectrophotometer (Biochrom Libra S22, Cambridge, UK, λ = 288 nm). The Ngn concentration was calculated against an appropriate Ngn calibration curve. To determine the kinetics of Ngn release from the CNA, the Korsmeyer--Peppas, Hixon--Crowell, Higuchi, and first-order kinetic models were used.

4.9. Cell Viability Assays {#sec4dot9-ijms-21-04557}
--------------------------

The effect of Ngn and CNANgn on the cells viability was evaluated using the MTT assay \[[@B59-ijms-21-04557]\] in two distinct cell lines (hFB and A549), obtained from ATCC (PensabioBiotecnologia, São Paulo, Brazil). Consumables for cell culture were obtained from Sigma Chemical Co. (St. Louis, MO, USA). The cells (5 × 10^4^/well) were allowed to adhere to a 96-well tissue culture plates for 24 h at 37 °C in a 5% CO~2~ atmosphere. Non-adherent cells were removed by washes with sterile Dulbecco's Modified Eagle Medium (DMEM) and the wells refilled with DMEM medium supplemented with 10% Fetal Bovine Serum (FBS). The cells were then incubated with increasing concentrations of the test compound (15.6 to 1000 µg) and incubated for an additional 48 h at 37 °C in a 5% CO~2~ atmosphere. The culture medium was discharged, and the formation of formazan was measured by addition of MTT (5 mg/mL in PBS, 25 µg/well), which was incubated for 3 h in the dark at 37 °C. The plates were then centrifuged at 500× *g* for 8 min, and the supernatant was removed. The pellet was dissolved in 200 µl of DMSO, and subsequently the absorbance was measured using a plate reader at 570 nm (SpectraMax Gemini 190, Molecular Devices, CA, USA). The 50% cytotoxicity inhibitory concentration (CC~50~) was determined by linear regression analysis using the Prism Graphpad 8 software.

4.10. Statistical Analysis {#sec4dot10-ijms-21-04557}
--------------------------

All assays were repeated three times to ensure reproducibility. The student's t-test analyzed the statistical significance of the results obtained from the control and treated groups, using the Prism Graphpad 8 software. Differences are considered significant at a level of *p* \< 0.05.

5. Conclusions {#sec5-ijms-21-04557}
==============

The present study has shown that the chemical functionalization of the CNT surface using the flavanone naringenin (Ngn) was done via non-covalent interactions. The neutral medium promoted the surface-functionalization of CNTs with Ngn through intermolecular interactions, predominantly through hydrogen bonds. In vitro release behavior of Ngn may contribute to improve the treatment of cancer with controlled and sustained release properties, which are pH-dependent. Finally, cytotoxicity was dependent on the concentration of the active agent and the cell type. CNANgn exhibited greater cytotoxicity against human lung alveolar adenocarcinoma (A549) cells compared to free drug, demonstrating the potential of CNANgn to inhibit the growth of lung cancer cells. At the same time, using CNANgn instead of free Ngn reduces the side effects, as there was a lower cytotoxicity of the healthy cell line (hFB) when using the CNANgn. This synergistic approach of the nanosystem can lead to increased efficacy of anticancer treatment of pulmonary adenocarcinomas, and should be validated in vivo. Despite CNA presenting cytotoxicity, after functionalization, this drug carrier was able to improve Ngn performance on tumor cells and decrease the toxicity of this drug and CNA on non-malignant cells.
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![TEM images of (**A**) CNT (carbon nanotube), (**B**) CNA (CNT after acid treatment), (**C**) CNA(ox) (CNA submitted to oxidative environment), (**D**) CNANgn(ox) (CNA treated with naringenin in oxidative environment) and (**E**) CNANgn (CNA treated with naringenin).](ijms-21-04557-g001){#ijms-21-04557-f001}

![FTIR (Fourier-Transform Infrared Spectroscopy) spectra of CNT (carbon nanotube), CNA (CNT after acid treatment), CNA(ox) (CNA submitted to oxidative environment), CNANgn (CNA treated with naringenin), CNANgn(ox) (CNA treated with naringenin in oxidative environment), PM (physical mixture of CNA and naringenin) and Ngn (naringenin).](ijms-21-04557-g002){#ijms-21-04557-f002}

![(**A**) XPS survey spectra of CNT (carbon nanotube), CNA (CNT after acid treatment), CNA(ox) (CNA submitted to oxidative environment), CNANgn (CNA treated with naringenin) and CNANgn(ox) (CNA treated with naringenin in oxidative environment). (**B**) The binding energy of C1s spectra. (**C**) The binding energy of O1s spectra.](ijms-21-04557-g003){#ijms-21-04557-f003}

![Raman spectra of CNA (CNT after acid treatment), CNANgn (CNA treated with naringenin), CNANgn(ox) (CNA treated with naringenin in oxidative environment) and PM (physical mixture of CNA and naringenin).](ijms-21-04557-g004){#ijms-21-04557-f004}

![Differential scanning calorimetry (DSC) of CNT (carbon nanotube), CNA (CNT after acid treatment), CNA(ox) (CNA submitted to oxidative environment), CNANgn (CNA treated with naringenin), CNANgn(ox) (CNA treated with naringenin in oxidative environment), PM (physical mixture of CNA and naringenin) and Ngn (naringenin).](ijms-21-04557-g005){#ijms-21-04557-f005}

![Ngn (naringenin) concentration released (µg/mL) from CNANgn (CNA treated with Ngn) and CNANgn(ox) (CNA treated with Ngn in oxidative environment) at pH 5.5 and 7.4. The data represents the mean ± standard deviation of *n* = 3.](ijms-21-04557-g006){#ijms-21-04557-f006}

![Cell viability of hFB (**top**) cells and A549 (**bottom**) cells treated with CNA (CNT after acid treatment), Ngn (naringenin) and CNANgn (CNA treated with naringenin) tested by MTT assay at a series of concentrations after 48 h. The data represents the mean ± standard deviation of *n* = 3; \* significant difference comparing the different concentrations (*p* \< 0.05).](ijms-21-04557-g007){#ijms-21-04557-f007}
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###### 

Thermal parameters obtained from the DSC curves.

  Sample        DSC Parameters           
  ------------- ---------------- ------- --------
  Ngn           251.7            255.2   −40.1
  CNANng        194.8            262.7   −102.6
  CNANng (ox)   204.7            259.3   −119.3
  PM            226.2            255.4   −32.9

Ngn (Naringenin), CNANgn (CNA functionalized with naringenin), CNANgn(ox) (CNA functionalized with naringenin in oxidative environment).
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###### 

R^2^ values and kinetic parameters for mathematical modeling of Ngn release.

                      R^2^ Value (r^2^)                         
  ------------------- ------------------- ---------- ---------- ----------
  Korsmeyer--Peppas   1.000000            1.000000   1.000000   1.000000
  Hixon--Crowell      0.999998            0.999998   0.999997   0.999998
  Higuchi             0.892617            0.905022   0.885681   0.914770
  First Order         0.999996            0.999996   0.999994   0.999996
